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ABSTRACT

The output storage capacitor of the PFC converters 1s commonly designed for the selected hold-up time or the allowed

output ripple voltage percentage Nevertheless, this output capacitor 1s a main contribution factor to the PFC system

stability. Moreover, seekimg for a minimum output storage capacitor that assures the PFC desired operation under all

condition, and providing the advantage of a small size and low cost is the mam interesting target for engineering
Therefore, in this 1ssue the design steps of the PFC converter have been discussed depending on three choices, output

ripple, hold-up time, and stability It 1s cleared that any design must take the mimmum required storage capacitor for

stability prospective as step-1 1 deign, then apply for any other specification hke hold-up time or ripple percentage

Keywords : Power-Factor-Correction (PFC), stability, bifurcation, boost converter

1. Introduction

The harmonic reduction requirements imposed by
regulatory agencies (IEC 1000-3-2) have accelerated
mmterest 1 active  Power-Factor-Correction  (PFC)
converter for switching power supplies Many converter
topolegies have been proposed, which provide almost
unity power factor hne current The most popular PFC
converter is the boost type operating at continuous
-conduction-mode CCM "' The boost PFC convertet
with average current mode control performs the advantage
of perfect PFC such as the continuous current voltage **!
General operation of the boost PFC converter and the abili
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ty to shape the mput current to trace the mput 15 well

[4-8} However,

desctibed m details 11 many literatures
the few have attempted to analyze the stability of this
system Most of Iiteratures studied PFC converter based
on lmear methods, however PFC converter 13 a nonlineal
cireutt due to multiplier using and large duty cycle varia
tion, In these prior linear regimes, the storage capacitor
had been chosen depending on the required hold-up time
or the allowed ripple percentage on the output voltage
However, the output capacitor was assumed as an infimty
value to consider the output voltage as a constant value,
and the time-varying mput voltage was replaced by 1ts
reot-mean-square (rms) value 1gnormg the time-varying
effect m stability analysis. All these assumptions forced
the nonlinear systemn to be linear and made the design far
from straightforward Then, the small and large signal
equivalent circuits were derived and stability was
discussed according to these assumptions >
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Other new research have been taken m comsideration
the effect of PFC nonhnearity on the lngh frequency band
1% however they do not detect the unstable phenomena
on the low (line) frequency band. They have detected
new fast scale mstability phenomena m PFC converter
cireuit that affect the mput power factor with a shightly
decrease. On the other hand, new low-frequency
mstability phenomena m the PFC cwewt have been
mtroduced recently by the authors These phenomena
have been detected experimentally and venfied by
n U412 Moreover, a new mnonlinear criterion

d U314 Tt 15 cleared that these low

sumulatio
has been propose
frequency instabilities can break the PFC operation with
getting down the power factor from unity to its half value.

From this new nonlinear viewpomt, 1t 18 emphasized
that, the storage output capacitor has a big contribution to
the PFC system stability Therefore, this paper hughhights
two mmportant and basic poimnts in PFC design st is,
choosing the numimum output capacitor, which gives the
advantage of low size and cost. That 1s one of the most
mmportant targets for engineering  Second 18, assuring
system stability for the chosen output storage capacitor
based on new nonlmear criterion

In the first part, boost PFC convetter operating at
contiuous-conduction-mode CCM operation 1s described,
Second, a fast review of the prior linear regime wiih
choosing the output storage capacitor depending on a
hold-up time or an allowed ripple percentage 1s hsted and
its invalidity 1s highlighted from the stability point of view
Third, the mstabihity phenomena m PFC boost circuit have
been explamed and thewr affected parameters have been
pomted out. Fourth, nonlnear model 18 proposed to
declare a new criterion for choosmng the minmmum
required output storage capacitor that assures the boost
PEC converter stability under all conditions Lastly, the

conclusion takes its place
2. System Description

Boost PFC circwt consists of a main power circut and
a control ciremt The detailed cwrcwit conFiguration
parameters 1s shown n Fig 1 The mam feature of this
system is the output bulk capacitance and usmg multiplier

and two conirol loops, feedback and feed-forward,
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Fig. I Boost PFC with average-current-mode

control cireuit That assures the non-linearity of the PFC
converter The main power circuit 1 constructed of full
diode bridge circuit follows by boos de/de boost converter
The control circuit 1s the known used UC-3854A that
operates at average cwrrent mode control 51 The basic
circutt of the converter consists of mductor L, diode D/,
switch 2/ and capacitor C connected m parallel to load R

The switch Q7 and the diode DI are always mn
complementary operating states during the contmuous
-conduction-mode CCM operation. Essentially, 1t 15 a
typical current- programmed boost converter, with the
inductor current ¢ chosen as the programmng variable and
the programming template [ bemg the input voltage
waveform Obviously the average mput current 1s program
mmed to track the mput voltage, and hence the power
factor 1s kept near unity In addition, a feedback loop
comprising a first-order filter serves to control the output
voltage v, In brief, this done by adjusting the amplitude of
the reference current /.., which is tracking the shape of the
input voltage waveform v, Although a generalized
discussion 1s mtroduced, a case study 1s analyzed. Here,
three PFC example modules (100, 200, 500 watt) wiil
review their design paiameters usmg both lhnear and
nonlmear analysis to compare the resultant performance

The general specifications of the modules to be
designed are variable ac mput voltage 70-120 volts,
variable mput frequency 50-60 Hz, and required fixed de
output voltage 180 volts at the load output The high
lighted parts of the design are the storage capacitor value
and the feedback voltage loop
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3. Previous Linear Design Regimes

The most concern 1s to determimne the PFC system
stability. Here, the linear regime of PFC converter 1s
examined to prove 1its invaiwdity. Fig 1 shows the boost
PFC converter with average-current-mode control circurt
Stability of this circmit was explammed by the prior
researches using a simple linear model  They assumed a
huge capacitance at the output terminal, replaced the
time-varying input voltage with 1ts rms value to 1gnore the
nonhnear terms, and derived a small-signal equivalent
circuit, In the small-signal equivalent circuit, the nonlinear
system was linearrzed around an operating pomt and so
the derived equvalent circurt had to be valid only for
small deviations from that operating pomnt  Therefore, 1t
had a shortcoming to apply to all PFC operating points
Results

showed that the total transfer function for

with the large variation in the wmput voltage.
obtamned mn ¢

the boost PFC converter with resistive load 15 as follows:

1) The converter power-stage transfer function of the

small signal output voltage § to the small signal

feedback voltage 7, is given as
j}c _ V R (1)
vvea KVvea R 2 + SCR

2) The small signal feedback voltage to the small signal
output capacitance voltage transfer function (Feedback
equation) 18

1’)vea R"f /RW
= (2)
1+sC R,

[

Then, the total system transfer function T

total 15

calculated from (1) and (2) as:

. VR,R/R, 1
total '\/KVvea‘R (2 +sCR )(] + SCWerf)
(3}
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where, K can be assumed as a constant and it 1s
expressed as’

K: Rm(;/RS (4)
vy R

vac

where, 1, V,..» Ry Ry Ry, and Cpare the DC value of

the input voltage, the DC values of the feedback voltage,
the feedback gaimn resistance, the feedback voltage divider
resistors, and the feedback capacitance, respectively. From
(3), 1t 18 clear that this system is stable for all cases and
conditions, however new nonlinear phenomena have been
encountered in these considered stable regions as will be
explained m the next chapters

3.1 100 watt model
For the 100 watt model, the design procedure steps 1n
brief, are.

1- Choose switching frequency f; equals to 100 KHz.
(5}

2- Choosing the boost mductor that assures the operation
m CCM. Then, the peak inductor current 1s;

V2P, 24100
7

0

I, =

= =202 Amp (6)

42,

where, Py, Vi min are the input power (100 watt) and the
mimmum  input voltage value (70 volt), respectively
Then, ripple mductor current 1s

Al =031, =0.606 Amp (7
So, the maximum duty cycle 15

V.-V, -
p=rens 150 1£ 70 g4 ®

[

where, V., ¥, are the DC output voltage and the peak
of the mmimum mput voltage Then, the boost iInductor 1s.
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VD 25702045
£, A 100000 *0.606

— 735 uH ©)

Then, 70044 mductor can be chosen.

3- The storage capacitor can be calculated depending on
one of these required options

1) Hold-up time

_ 2P, At 2%100%.01

CVE-vE (180) —(150)

=200uF  (10)

where, P, V1, and At are the output power (100 watt
assumung an 1deal operation), the lowest permitted
DC output voltage, and the required hold-up time,
respectively

11} 10% ripple’

P

otif

A

¢ ipple

~ 100 N
T 22 %120 %180 %18

40ur

(11)

where, f,V.,pm are the output ripple frequency
(double line frequency) and the output nipple voltage
value (ac voltage on the DC required output voltage),
respectively

4. Stability Discussion of Linear Model

There are two loops in the PFC circuit, inner cusrent
loop and outer voltage loop Inner current loop deals with
switching frequency and outer voltage loop deals with low
{line} frequency

1) Design for the voltage loop - This low response
loop (low cut off frequency) 15 the mamn effected
loop on these mstability and so we will review 1ts
design 1 detals  Choose divider resistors as

R, =590KQ) R, =10KQ) to have 3 volt as reference

voltage V.. Also choose a feedback capacitor
C, =47nF to have a suitable feedback ac gan and

switable output voltage regulation Then the wnity
gain frequency of the total voltage loop:
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;o= P, (12)
Y AV ¥V R,C CU,(ZJT)Z
From (12), the umty gan frequency equals

W f, =25Hz 1 case of wusing hold-up w&me

and f =56Hz m case of usmg 10% ripple Therefore,

the feedback resistor can be calculated to obtain cut off
frequency within these unity gain frequency. A
feedback resistor g - = 183K (higher enough to

assure a regulated output voltage) 1s chosen that gives a
cut off frequency 18.5 Hz (less than line frequency to
attenuate the effect of the output ripple on the mput
current distortion).

1} Design of the current loop'- This design must be
adjusted to have a near 45-degrec phase margin by
setting a zero at the loop crossover frequency  This
design has a lngh relation to the switching frequency,
but the detected mstability here are at line frequency
not switching frequency as will be explamed later.
Then, we will go over the details of the current loop
design

For the two design examples listed before, hold-up time
and 10% npple, the gain and phase margin of the PFC
system have been plotted using (3} (depending of these
Imear regime). Fig. 2 shown the bode diagram for these
It 15 cleared that both of them are stable with
a sufficient phase margin (47 degree m hold-up time and

two cases

40 degree m 10% ripple case). This assures that any
selected output capaciior between these two points will be
stable also  However, later m the next chapters, unstable
phenomena will be cleared mside these regions that were

predicted as stable system by these linear regimes.

3.2 High watt models

Another two high watt modules, 200 and 500 waits,
have been tested Also, the storage capacitor chosen
values are the highlighted part for design  From (10) and
(11), 1t 1s cleared that, the relation between the choosing
storage capacitor and the module power are linear. Ience,
the choosing output storage capacitor 1s duplicated as the
system power 15 duplicated 1 the two cases, hold-up time
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Fig 2 Bode diagram of transfer function of the boost PFC
converter from the linear analysis regime

Table 1  Bxpetimental circuit parameters values
P, 100 W £ 100 kHz
Vin 706120 Vac Ry | 820k ohm
Ve 180 Vde Ry | 82k ohm
I 50/60 Hz Ry | 22 k ohm
L 700 uH Cm 100 nF
C 22/47/60/ 100 uF — 400V | Cp 470 oF

R (load) | 324 ohm (100%) - 5% load | R,.. | 680 k ohm
R, 0235 ohm Rmo | 27k ohm
R, 590 k ohm R, 2 7 k ohm
Ry 10 k ohm R, 24 k ohm
Ry 183 k ohm C, 470 pF
Cy 22 /477100 nF C, 68 pF

and 10% ripple.  Therefore, the total system transfer gain

will be the same as explained in (3).
4. PFC Converter Instability

For the same PFC circuit shown n Fig 1, a prototype
has been constructed 1n The design
parameters used 1n experiment are shown m Table, 1,

laboratory.

Many operating pomts have been tested experimentally to
mvestigate the boost PFC converter  New unstable
phenomena have been encountered 1 the PFC circut,
period doubling bifurcation and chaos. That has pointed
out the limitation of the linear model Here, a few
operating points will be shown to explun the unstable
phencmena Output capacitance C = 60 pF (less than the
required output capacitor for 10 msec hold-up time and

more than the required capacitor for 10% output ripple)
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Fig 3 The mput voltage, input current, output ripple voltage
response at full load m stable case (Experimental
result)
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Fig 4 The mput voltage, mput currcnt, output ripple voltage
response at 50% load i pertod doubling bifurcation
case (Expenmental result)
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1 The nput voltage v,, 2 The mput current 7,
3 The ocutput ripple voltage v,
Fig 5 The mput voltage, input current, output ripple voltage

response at 10% load m chaotic instability case
(Experimental result)

and feedback capacttance, €,y = 47 nF (same as used in
calculation) have been engaged as one comparison point
to the prior linear regime  Figures 3, 4 and 5 show three
different operatmg modes, stable, period doubling

bifurcation and chaos, which are encountered mn the PFC
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circuit for these chosen operating parameters, First, in
case of a stable operation, the input current, 7, 1s
periedically, sinusoidal, and i phase with input voltage,
v, @5 shown in Fig. 3 In thus case, the test parameter 15
full load

double frequency of the mnput line voltage

The output voltage ripple, Av, is periodic with
The resultant
power factor 1s very high (0.98)  Second, Fig 4 shows

the wunstable period-2 phenomena The operating
parameters are the same as the stable case in Fig 3 with
only decreasing the load to 50%. The output voltage
ripple peitod moves to be double of the stable case period
The power factor 1s lessened to a low value (0 67), which
1s worse than the conventional capacitor-diode rectifier
A chaotic phenomenon appears clearly in Fig 5 with
non-repeating waveforms at C = 47uF, C,;= 47nF, and
10% load.

Also, 1t 15 cleared that, the old design regime fails to

As a result, this system 1s globally unstable,

perform the global system stability Therefore, we are mn
need for a new design criterion that can offer a good
design, which can assure global systern stability Besides,
the contribution of the load parametric 18 made clear,
where PFC converter becomes more susceptible to
instability as the operation moves towards light loads

5. Nonlinear Analysis Criterion

In this section, the boost PFC converter 1s studied from
the nonhinearity viewpomt From a practical aspect, a
general design method must be driven to check the whole
system stabtlity under all operating conditions. The whole
system stability can be proved by checking the stablity of
every operating point under different operating conditions
using experiment and/or simulation, which needs a lot of
effort and ttme  Moreover, calculating the mmmum
required output capacitor to achieve PFC converter
stability under different operating condition 1s practically a
major target aimed by designers.  Hence, a new criterion
1s proposed here for boost PFC converter stability  The
nonlmear criterion based on the nstantaneous power
equation of the boost PFC converter, which 1s given at the

MOSFET switch 07 (Fig 1) by.

vt(z)ci‘%-k"c—}{@: v ()i, (1) (13)
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di, (1)
Ve, (£) = v, (1) - L——= (14)
dt
where, y and y are the output capacitor voltage and

the voltage across the MOSFET switch. The feed-
forward voltage signal obtained from a second-order filter
can be assumed to be constant  Therefore, the reference

current (multiplier output) £, can be calculated as:

(Vo =I5 (1) (e (=1 5)v, (1)
[ref (I) = 7 = 7
fo (E) Vﬂ' (t) Rvac
zKl(vven (f)_l S)Vg(t) (15)
where, K = _ (16)
v, (R,

where, v, , lue Vi Vg and Ry, are the feedback voltage,

the nstantancous programming current sensing the
1ectified voltage, the feed-forward voltage, the rectified
mnput voltage, and the programming resistance, respec
tively  The factor 1 5 1s used for gainng the feedback as
explamed n the used control cucuwit UC 38354-A (3,
Towards the simphfication of this nonlinear model, an
assumption 18 ntroduced that can simphfy the solution
The current error amplifier gain 1s assumed to be very
hugh, and then the following equation for the inductor
current is obtaned.

LR, =1 R (17)

ref ~ tmo

where, R, and R,, arc the sense resistance and the
multiplier resistance, respectively Substituting (15) and
(16) into (17), the inductor current 15 expressed as’

R
i) = ;0 o ()= K, ()1 5)v (1) (18)
where, j o Ruo/Bs (19)
vjj“z (r)Rvac

Then, substituting (14) and (18) mnto (13), the main
equation of the sumplified nonlinear model, power stage
equation, 1s developed as
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v, () 7.0
v, () (— 11 RC)
V'K - (1=c0s(20 1) (4, ()~ 5 GLEV"
KLv?

sin(2ewf)(v,,, () -1 5 -

(1-cos(2e v, (1) 1.5) d vve; (t)

(20)

Also, the feedback voltage error amphfier equation 1s
expressed as,

@) Vel (1 Ryx Ry D)
dl Cvavf R,C, R,R,C, ' R.C,
1)

where, V. =3volt and v, ()= x/EV’Sma) tl . (20) and (21)

construct the main equations for the PFC boost converter
nonlmear model  The performance of the PFC converter
Then,
the mmimum required output capacitor for stability can be
calculated using (20) and (21} as will be explained in the

next section.

can be investigated through this nonlimear model

6. Output Capacitor Design

The contnbution of the output storage capacitor on the
system stability has been made clear through the exper
ment. In this section, a new criterion to determine the
mimmum reguired output capacitor for system stability 1s
proposed using the two nonlinear equations listed (20) and
{21). The proposed design criterion 1s based on bifurcation
analysis In the bifurcation analysis, the output voltage
sampled over half hne period 1s chosen as the judgment
signal for stability. As mentioned before, m stable
operation, the output voltage 1s periodic with double line
frequency (120/100 Hz).

checking 1ts value every half line period gives the same

Then, choosing any pomnt and

value for stable operation (period-1 operation), That
On the
m unstable operation, period doubling

results 1n one line for different operation values
other hand,
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bifurcation, the output voltage 1s periodic with Ime
frequency (60/50 Hz). Hence, two lmes are appeared
period-2 bifurcation case  Therefore, choosing the output
voltage on the storage capacitor as an indicator for the
system stability 1s an excellent detecion To determine
the mimimum required output capacitor for stability, the
bifurcation diagram 1s drawn between the sampled output
voltage every half-lime period and the output storage
Solving (200 & (21) usmmg a FORTRAN
program with applying voltage sampling and changing the

storage capacitor value, the bifurcation map is provided

capacitor

Figure 6 shows the bifurcation map for the boost PEC to
explain the effect of the storage capacitor The chosen
parameters for these operating pomts are 100 volts, 60 Hz,
10% load, and feedback capacitor of 47 nF, From the
result 1n Fig 6, 1t 18 cleared that, at higher values of the
storage capacitor, one fixed value of the output voltage 15
obtained, fixed line. That means that the system is periodic
every 120 Hz Hence, the PFC system stability 1s assured.
Beside, at medium values of the output storage capacitor,
the system moves to have two values of the output voltage
This means that, the output voltage period 1s doubled and
so the resultant system 1s unstable. Moreover, at very
lower values of the output storage capacitor, the system 1s
stable but with non-smusoidal input current (high distorted
area) due to the high output nipple as the used output
capacitor 1s very small, At these regions, the sampled
output voltage mdicator gives lower values as shown 1n
the same Figure Figures 7, 8, and 9 show the waveforms
of the mput voltage v,, the input current 1,,, and the output

capacitor voltage v. i each case of these three operating

bafurcation map

o

20 ) 40 60 80 100 120 140

Sampled output capacttor voltage, volt

Cutput storage capacitor valug, uF

I non-sinusoidal cuirent area  2- unstable area  3-stable area
Fig 6 Bifurcation map between the sampled output voltage and
storage capacrtor
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modes, stable, period doubling bifurcation instability, and
high <hstorted area, respectively. Figure 7 shows the
stable operation for one point mside region-3, C =100 pF
Figure 8 shows the unstable operation where the output
voltage changes its periodic frequency to its half Then,
through the feedback loop, the output voltage distorts the
mput current resulting m low power factor For this result
in Fig 7, the chosen operating pownt mside region-2 15 C=
60 uF. Then, the data from output capacitor, C' = 22 pF,
high distorted area, is provided to give an example of
region-1 operating mode as shown in Fig 9. The most
important region 18 the borderline between stable and
unstable operation, where the mmimum capacitance is
chosen. Besides, the PFC converter stabihty must be
mvestigated at light load becomes 1t becomes more
susceptible to the mstability as the operation move
towards light loads. In tlus paper, hight load 10% 15
assumed for the program to determune the mmmimum
required output capacttor value, which assures the system
stability under all operatimg conditions. Figure 10 shows
the bifurcation map for 100 watt module at the same
It 18 cleared that 70 pF

storage capacttor can satisfy for all loads stabidity  Fig

previous selected parameters.

11 shows the same procedure for 200 watt, which results
in 140 uF as a minimum storage capacitor to assure the
system stability, Lastly, for 500 watt module, a 350 pFf
15 declared as a mumimum storage capacitor as shown in
Fig 12 Therefore, as the module power mcreases, the
required mimimmum storage capacitor increases also.  This
power relation 15 the same as menttoned 1n linear models,
but the lmear model has the limtation for the ability to
choose mummum required capacitor for stability purpose.
As a conclusion, Fig 13 shows a comparison between
these linear and nonlinear models for the three tested
modules (100, 200, and 500 watt) The first columns of
each watt module are the 10% ripple chosen module
(lingar analysis).
are the 10 m sec hold-up time (linear analysis) The

The last columns of each watt module

muddle columns of each watt module are the mimmum
required storage capacitor to achieve system stability.
Then, the first linear design (10% ripple) is practically
unstable however it was deigned to be stable depending on
the linear model (Fig. 2 shows 1t as stable system and Fig.
6 and Fig. 8 shows 1t as one unstable operating point.
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This proves the limutation of the linear analysis The
second lmear design (10 m sec hold-up time) appears as st
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Bifurcation map
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every design method and stability target.
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The required storage capacitor at every module for

-able system but this depending on the chosen hold-up
time. Therefore, in case of choosing a lower hold up time,
the system can be unstable. It is important to make clear
that the minimum required capacitor must be determined
depending on the stability at first and then taking on the
consideration the other required specification like the
percentage of the output ripple or the hold-up time. If
the calculated required output capacitor depending of the
required hold-up time or the allowed ripple percentage is
higher the designed minimum output storage capacitor for
stability, then there is no problem of using it. Otherwise, if
it is lower than the designed minimum output storage
capacitor for stability, the designed output capacitor must

be used to assure system stability.

7. Conclusions

New unstable phenomena have been detected in the
PFC converter, period doubling bifurcation and chaos.
An accurate comparison between the prior linear and
nonlinear methods is introduced to prove the limitation of
the linear regimes. A proposed nonlinear method is
proved to solve the stability target and to determine of the
minimum required storage capacitor that assures system
stability under ail foad conditions. Tt is cleared that
choosing the output capacitor must be judged depending
on the stability condition as step I. Then, taking in the
consideration the other required specification like the
output ripple percentage or the hold-up time. This new
criterion to determine the minimum outpul storage
capacitor for PFC converter stable operation provides an
important methodology for engineering designer, having

the advantage of low cost and small size output capacitor,
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